Abstract. We investigate the properties of InGaN-based vertical-type solar cells having wavelengths ranging from the ultraviolet to green regions. It is well known that InGaN-based solar cells require a high indium composition to obtain high conversion efficiency. However, although InGaN-based solar cells with a high indium composition have been fabricated, their conversion efficiency has not sufficiently increased. Therefore, to further understand carrier transport, we measured the bias-dependent external quantum efficiency. For vertical-type green solar cells with a high indium composition, we confirmed that they have a higher short circuit current than other samples tested due to their broader overlapping region with the solar spectrum, though their fill factor remained low due to their high barrier height and strong piezoelectric field, which caused a reduction in the carrier tunneling rate.
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Introduction
III-V nitride material systems, which include AlN, GaN, InN, and their alloys, have been widely investigated due to their tunable energy bandgaps and application in light-emitting diodes (LEDs), laser diodes, and solar cells. 1, 2 The bandgap of InGaN material systems covers emission wavelengths from the near-ultraviolet (UV) to green regions, which essentially includes the entire functional range of the solar spectrum. [3] [4] [5] To obtain a high conversion efficiency, most InGaN solar cells studies have been confined to the green region, requiring an indium content of about 15% to 30%. [6] [7] [8] [9] The efficiency of InGaN solar cells having an emission wavelength in the green region is high due to the high In composition, compared with those under a green wavelength, though their fill factor (FF) remains low due to their perceived poor crystal quality. In the early days of InGaN-based solar cells, most research focused on p-i-n solar cells having an intrinsic InGaN layer. [10] [11] [12] [13] However, it is difficult to fabricate the high-In composition and thick intrinsic InGaN layer required to increase the absorption due to the large lattice mismatch between InN and GaN.
14 Furthermore, the polarization effects in p-i-n structures adversely reduce internal electrical fields inside intrinsic InGaN layers, leading to a lower open-circuit voltage (Voc) and shorter circuit current (Jsc) compared with multiple quantum well (MQW) solar cells. 15 Accordingly, to maintain the high In composition and high crystal quality, several groups adopted InGaN/GaN MQW solar cells, 16, 17 though these solar cells still have a low Jsc and FF. Also, other groups recently reported the carrier transport in InGaN/GaN solar cells by barrier thickness and temperature. 18, 19 However, the carrier transport of InGaN/GaN solar cell by indium composition is not yet reported. In InGaN MQW structures having a high indium composition, carrier extraction also remains difficult due to the relatively high barrier height and strong piezoelectric field. The piezoelectric field is known to have an adverse effect on the tunneling rate, since it makes electrons and holes travel in opposite directions to which they contribute to the photocurrent. 20 In order to overcome the piezoelectric field, several methods have been studied. [21] [22] [23] [24] Therefore, the further study of solar cells is essential in order to optimize InGaN solar cells requiring high efficiency.
In this work, we investigate the properties of vertical-type solar cells (VSCs) having InGaN/ (Al)GaN MQWs in terms of carrier transport, based on bias-dependent external quantum efficiency (EQE) measurements. To understand carrier transport in InGaN/(Al)GaN MQWs, we first fabricate VSCs that have emission wavelengths in the UV-blue-green regions. The conversion efficiency of these VSCs is subsequently found to be higher than for lateral-type solar cells due to a larger amount of light absorbed by the bottom reflector; 25, 26 the textured n-GaN top surface is seen to absorb most of the light. These solar cell structures were grown using metal organic chemical vapor deposition (MOCVD), and all devices were fabricated using a conventional vertical LED process. Figure 1 (a) presents a schematic of the fabricated VSCs for UV, blue, and green wavelengths. InGaN-based VSCs having wavelengths of 385, 450, and 525 nm were grown on a c-plane sapphire substrate using MOCVD (Veeco D300 model, Gwangju, Korea). Figure 1(b) shows the scanning electron microscopy image of the top surface of the fabricated VSC. During growth, trimethylgallium, trimethylindium, and NH 3 were used as precursors for Ga, In, and N, respectively. In addition, Cp 2 Mg and SiH 4 were employed as the p-and n-type dopant precursors, and H 2 was used as the carrier gas for all growth periods, except for InGaN growth, where N 2 was used. The reactor pressure during growth was maintained at 200 Torr. The final structures consisted of a 2-μm-thick undoped GaN layer and a 4-μm-thick Si doped n-GaN layer. Then, for the UV-VSC, blue-VSC, and green-VSC, 7-period InGaN/(Al)GaN (3 nm∕10 nm) MQWs with 5%, 15%, and 28% indium composition were grown on the n-GaN (n d ¼ 6 × 10 18 cm −3 ) layer, respectively, and aluminum composition in UV-VSC was 5%. The indium composition was subsequently confirmed using x-ray diffraction (not shown). Next, a 100-nm-thick Mgdoped p-GaN (n a ¼ 5 × 10 17 cm −3 ) layer was grown on each MQW. All VSCs were fabricated as follows. All samples were sequentially cleaned in acidic and organic solutions to remove both native oxide and organic contamination. After cleaning, an Ni/Ag/Ni/Au layer was deposited on top of the p-GaN layer. These multiple layers act as both a p-ohmic contact layer and a light-reflecting layer. A 2-μm-thick wafer-bonding Au/Sn layer was then deposited, and the wafer was subsequently bonded onto a bonding layer that was previously coated with a molybdenum conductive substrate using a thermocompressing bonding method at 300°C for 30 min. Next, using a KrF excimer laser at a wavelength of 248 nm, a laser lift-off process was used to separate the sapphire substrate from the InGaN/GaN MQW solar cell structure. Using wet and dry etching processes, the air-exposed undoped GaN was then etched to expose the n-GaN layer; a square mesa of 1 × 1 mm 2 was defined by dry etching for the isolation. To texture the n-GaN surface, 5 M dissolved potassium hydroxide (KOH) was used at 60°C for 30 min. Finally, a Cr/Au layer was deposited onto the textured n-GaN surface as an n-type contact electrode. The performances of fabricated VSCs were measured using the solar simulator and the quantum efficiency tester. The solar simulator simulates the sun light spectrum with the help of a Xe arc lamp, whose spectra match with that of the sun. Also, quantum efficiency tester is an instrument that gives the performance of the solar cell for different light intensities. A light of different wavelengths is generated from a polychromatic source (Xe arc lamp). Figure 2 shows the current density relative to voltage (J-V) characteristics measured under darkened conditions and AM 1.5 G light illumination using a solar simulator. For the UV-VSC, blue-VSC, and green-VSC, Voc of 2.4, 2.2, and 2.0 V, respectively, were obtained. The differences in Voc could be attributed to the difference of indium composition among the samples; there were also differences in the Jsc and FF. The Jsc and the FF of the UV-VSC, blue-VSC, and green-VSC were 0.17 mA∕cm 2 and 73%, 0.75 mA∕cm 2 and 48%, and 2.4 mA∕cm 2 and 36%, respectively. The performance parameters of fabricated devices are summarized in Table 1 .
Experiments

Results and Discussion
The difference in Jsc of the three samples could be explained by the overlapping EQE region of each sample with the solar spectrum, as shown in Fig. 3 . Figure 3 shows the EQE measurements of the UV-VSC, blue-VSC, and green-VSC with respect to the solar spectrum as a function of the wavelength; the peak EQEs were 63%, 50%, and 46%, respectively. It is posited here that this difference in the peak EQE can be attributed to the difference of barrier height due to indium composition. For instance, the EQEs of all VSCs rapidly decreased below ∼370 nm, which is the bandgap of GaN. The reason for this abrupt EQE decrease in all VSCs is due to the stronger absorption through the thicker top n-GaN layer (about 4 μm). 19 The absorption wavelength limits of the UV-VSC, blue-VSC, and green-VSC were about 390, 450, and 550 nm, respectively, which correspond to their bandgap. In other words, the major light absorption of UV-VSC, blue-VSC, and green-VSC occurs in 360 to 385 nm, 360 to 450 nm, and 360 to 550 nm wavelength regions, respectively. Therefore, the Jsc of the green-VSC is the highest due to its broad overlapping region with the solar spectrum.
To further understand the carrier transport from the UV-VSC, blue-VSC, and green-VSC, bias-dependent EQE measurements were performed at bias voltages ranging from −2 to þ1.5V (Fig. 4) . For the UV-VSC in Fig. 4(a) , the bias-dependent EQE is similar under both a reverse and forward biases, i.e., carrier escape is easier than for other VSCs using a tunneling process from quantum wells due to the lower barrier height because of the low indium composition (about 5%). This result is in a good agreement with the J-V curve of UV-VSC, as shown in Fig. 2 . The current density of UV-VSC shows little change under either a reverse or forward bias. Although the UV-VSC has a low Jsc (0.17 mA∕cm 2 ) due to its small absorption range (about 360 to 390 nm), its FF remains high due to the easy carrier transport by tunneling through the low barrier height, again originating from the lowindium composition. Figures 4(b) and 4(c) show the bias-dependent EQEs of the blue-VSC (indium composition: 15%) and green-VSC (indium composition: 28%), respectively.
For these VSCs, the carrier in the QW was extracted via tunneling induced by energy-band bending as the reverse bias was increased, thereby increasing the carrier collection. However, when increased toward a forward bias, the EQEs of the blue-VSC and green-VSC decreased because the carrier escape probability was reduced due to the high-barrier height and strong piezoelectric field, indicating that the tunneling rate of the carrier was reduced and that the carrier was confined or recombined in the MQW. In particular, the EQE of the green-VSC more rapidly decreased than for the blue-VSC as the forward bias was increased due to the fact that the barrier height and piezoelectric field for the green-VSC were higher than for the blue-VSC due to its higher indium composition. In addition, this decrease caused an abrupt reduction in the Jsc for the green-VSC under a forward voltage (Fig. 2) . In this work, piezoelectric field of the green-VSC and blue-VSC was ∼ − 2.14 and ∼ − 1.65 MV∕cm, respectively. The green-VSC has a larger piezoelectric field due to large lattice mismatch via higher indium composition. As such, the green-VSC displays a high Jsc due to its wider absorption range, while maintaining a low FF because of the low tunneling rate induced by carrier confinement or recombination. We confirmed here that the low FF of the green-VSC was due to a high-barrier height and strong piezoelectric field-caused by high indium composition-through bias-dependent EQE measurements. The insets of Figs. 4(a)-4(c) show the enlarged tail of each EQE curve near their absorption limit wavelength. From these curves, the value of the forward bias EQEs is seen to be higher than for the reverse bias EQEs, as the bandgap of InGaN-based MQWs is reduced due to the quantum confined Stark effect induced by a piezoelectric field under a forward bias, indicating that the absorption wavelength became red-shifted to a longer wavelength. As a result, we could obtain an optimum structure by maintaining a high indium composition for smoother carrier transport via a reduction in the barrier height such as in the InGaN/ InGaN MQWs.
Conclusion
We fabricated InGaN-based VSCs having varying wavelengths of UV, blue, and green regions in order to investigate carrier transport as a function of indium composition via bias-dependent EQE measurements. With its high indium composition, the green-VSC had the highest Jsc and the lowest FF due to the reduction of the carrier tunneling rate based on its high barrier height and strong piezoelectric field.
